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1. INTRODUCTION {#jcp29555-sec-0010}
===============

The plasminogen activator (PA) system comprises urokinase‐type plasminogen activator (*PLAU* or uPA), its receptor (uPAR), plasminogen (the urokinase substrate), and the plasminogen activator inhibitors (PAI‐1 and PAI‐2; Choong & Nadesapillai, [2003](#jcp29555-bib-0014){ref-type="ref"}; Fleetwood et al., [2014](#jcp29555-bib-0023){ref-type="ref"}). Upon binding to uPAR, uPA is activated and catalyzes the conversion of plasminogen to plasmin (Ellis, Scully, & Kakkar, [1989](#jcp29555-bib-0021){ref-type="ref"}). PA system is responsible for the degradation of the extracellular matrix, including basal membrane proteolysis, and in the activation of latent growth factors (Jaiswal, Varshney, & Yadava, [2018](#jcp29555-bib-0029){ref-type="ref"}). uPA‐dependent plasmin activation is blocked by PAI‐1:uPAR:uPA:PAI‐1 complex is rapidly internalized by LDL receptor‐related protein 1 (LRP‐1) and is followed by uPA and PAI‐1 degradation in lysosomes (Cortese, Sahores, Madsen, Tacchetti, & Blasi, [2008](#jcp29555-bib-0017){ref-type="ref"}; Czekay, Kuemmel, Orlando, & Farquhar, [2001](#jcp29555-bib-0018){ref-type="ref"}). The PA system participates in a variety of physiological processes, such as clot lysis (Chapin & Hajjar, [2015](#jcp29555-bib-0012){ref-type="ref"}), wound healing (Montuori & Ragno, [2009](#jcp29555-bib-0047){ref-type="ref"}), embryo development (Teesalu, Blasi, & Talarico, [1996](#jcp29555-bib-0068){ref-type="ref"}), and tissue remodeling and regeneration (Blasi & Sidenius, [2010](#jcp29555-bib-0008){ref-type="ref"}; Solberg, Ploug, Høyer, Hansen, Nielsen, & Lund, [2001](#jcp29555-bib-0064){ref-type="ref"}). At the same time, uPA and uPAR are involved in the pathogenesis of various diseases (Jaiswal et al., [2018](#jcp29555-bib-0029){ref-type="ref"}; Manetti et al., [2014](#jcp29555-bib-0043){ref-type="ref"}; Mekkawy, Pourgholami, & Morris, [2014](#jcp29555-bib-0045){ref-type="ref"}; Santibanez, [2013](#jcp29555-bib-0058){ref-type="ref"}).

uPA/uPAR system is recognized to be a powerful driver of cancer progression (Jaiswal et al., [2018](#jcp29555-bib-0029){ref-type="ref"}; Ulisse, Baldini, Sorrenti, & D\'Armiento, [2009](#jcp29555-bib-0070){ref-type="ref"}). uPAR polarizes uPA proteolytic activity to the leading edge, thus facilitating cancer cell migration and invasion (Jaiswal et al., [2018](#jcp29555-bib-0029){ref-type="ref"}; Mekkawy et al., [2014](#jcp29555-bib-0045){ref-type="ref"}). Apart from this, uPA--uPAR interaction can lead to activation of the Ras‐Raf‐MEK‐ERK signaling pathway, which is involved in altered cancer cell adhesion and migration, and in enhanced proliferation and metastasis (Luo et al., [2011](#jcp29555-bib-0040){ref-type="ref"}). Although the underlying mechanisms are far from being fully elucidated, uPAR was shown to be involved in epithelial--mesenchymal transition (EMT) in breast cancer cells. Using human breast cancer MDA‐MB‐468 cell line that has an epithelial phenotype, uPAR was demonstrated to promote EMT under hypoxic conditions through the activation of signal transduction involving extracellular signal‐regulated kinase 1/2 (ERK1/2) and phosphoinositide 3‐kinase (PI3K; Chandrasekar et al., [2003](#jcp29555-bib-0011){ref-type="ref"}; Nguyen, Hussaini, & Gonias, [1998](#jcp29555-bib-0049){ref-type="ref"}). In contrast, in MDA‐MB‐231 breast cancer cells that express the high level of uPAR and exhibit mesenchymal phenotype, the sustained uPAR expression is required, since uPAR knockdown results in the reversal of the phenotype to epithelial (Jo et al., [2009](#jcp29555-bib-0031){ref-type="ref"}). Interestingly, the uPA/uPAR system contributes to the EMT program independently from uPA enzymatic activity, particularly through activation of uPAR‐induced intracellular signaling (Montuori et al., [2016](#jcp29555-bib-0046){ref-type="ref"}).

uPAR is considered to be a key component of the signalosome, which comprises such molecules as Src, Akt, FAK (focal adhesion kinase), and others (Degryse, [2008](#jcp29555-bib-0019){ref-type="ref"}). uPAR can also interact laterally with different receptor tyrosine kinases, such as platelet‐derived growth factor receptor and epithelial growth factor receptor, G‐protein coupled receptor, vitronectin, and integrins (αvβ3, αvβ, α5β1, and α3β1) affecting intracellular signaling, proliferation, cell adhesion, and migration (Jaiswal et al., [2018](#jcp29555-bib-0029){ref-type="ref"}; Montuori et al., [2016](#jcp29555-bib-0046){ref-type="ref"}).

uPA and uPAR expression are demonstrably increased in a variety of malignant tumors and a positive correlation between its increased level and poor prognosis has been reported (Mekkawy et al., [2014](#jcp29555-bib-0045){ref-type="ref"}; Montuori et al., [2016](#jcp29555-bib-0046){ref-type="ref"}; Sliva, [2004](#jcp29555-bib-0063){ref-type="ref"}). Despite the abundance of experimental research aimed at inhibiting the uPA/uPAR system, including research on selective uPA inhibitors, microRNAs, antagonist peptides, monoclonal antibodies able to disrupt uPA--uPAR binding, gene therapy techniques, and CRISPR/Cas9 technology silencing expression of uPA or uPAR (Gondi et al., [2004](#jcp29555-bib-0025){ref-type="ref"}; Mekkawy et al., [2014](#jcp29555-bib-0045){ref-type="ref"}; Montuori et al., [2016](#jcp29555-bib-0046){ref-type="ref"}; Rabbani et al., [2010](#jcp29555-bib-0055){ref-type="ref"}; Rysenkova et al., [2018](#jcp29555-bib-0057){ref-type="ref"}; Ulisse et al., [2009](#jcp29555-bib-0070){ref-type="ref"}), the targeting of the urokinase system in clinics has fallen short of expectations. Furthermore, some experimental data has emerged indicating that suppression of the urokinase system activity can augment tumor growth (Sugiura et al., [1999](#jcp29555-bib-0066){ref-type="ref"}). Therefore, unraveling other potential molecular mechanisms involved in the regulation of urokinase system activity and their role in EMT may result in a refined understanding of cancer biology and improved outcomes in cancer treatment.

In this study, we demonstrate that uPAR silencing in murine neuroblastoma Neuro2a cells promotes the EMT program, including diminished expression of epithelial markers (E‐cadherin, occludin, and claudin‐5) and upregulated expression of mesenchymal markers (EMT‐transcription factors nuclear factor κB \[NF‐κB\] and Snail, N‐cadherin and α‐smooth muscle actin \[α‐SMA\]). uPAR deficiency results in the alteration of cell morphology and signal transduction, and enhanced migration but reduced colony‐forming potential. In search of the molecular mechanism responsible for these changes, we identified uPA as a central component and a new regulator. We hypothesize that uPAR functions as a uPA "trap" that promotes uPA internalization and degradation in lysosomes, while in the absence of uPAR, uPA are translocated into the nucleus where it can be involved in the regulation of gene expression. The complicated signaling regulatory network revealed in the present study indicates the existence of a functional link between the urokinase system and the EMT program. Further studies are needed to clarify the exact mechanisms of activated signal transduction mediated by the urokinase system, which may help to assign molecular signatures of neuroblastoma.

2. EXPERIMENTAL PROCEDURES {#jcp29555-sec-0020}
==========================

2.1. Neuro2a cell culture {#jcp29555-sec-0030}
-------------------------

Mouse Neuro2a neuroblastoma cells (CCL‐131™, RRID: CVCL_0470; ATCC) were maintained in complete medium: Dulbecco\'s modified Eagle\'s medium (Hyclone) supplemented with 10% fetal bovine serum, 1X minimum essential medium non‐essential amino acids solution, and 1X antibiotic--antimycotic solution (all from Gibco). Cells were plated at a concentration of 1 × 10^5^ cells/ml. Cells were enrolled in the experiments before the 20th passage.

2.2. CRISPR/Cas9 uPAR gene (*PLAUR*) downregulation in Neuro2a cells {#jcp29555-sec-0040}
--------------------------------------------------------------------

Neuro2a cell clones with downregulated uPAR or complete uPAR knockout were obtained as described earlier (Rysenkova et al., [2018](#jcp29555-bib-0057){ref-type="ref"}). To obtain uPAR‐deficient clones, single‐cell dilution of transfected cells and clone expansion were performed. For further experiments, three clones out of 30 were selected: Neuro2a‐ΔuPAR clone \#6 with complete uPAR knockout and clones \#3 and \#30 with significant uPAR suppression (Rysenkova et al., [2018](#jcp29555-bib-0057){ref-type="ref"}).

2.3. uPAR overexpression and downregulation in Neuro2a cells using plasmid vectors {#jcp29555-sec-0050}
----------------------------------------------------------------------------------

The detailed procedure of overexpression and downregulation of uPAR in Neuro2a cells was published by us previously (Semina et al., [2016](#jcp29555-bib-0060){ref-type="ref"}). Briefly, to suppress endogenous uPAR expression we used a commercially‐available plasmid vector encoding shRNA (uPAR shRNA Plasmid \[m\], cat\# sc‐36782‐SH; Santa Cruz). For uPAR overexpression, a pN1 vector encoding full‐length murine uPAR DNA (pN1‐uPAR) was used. Cell transfection was performed following the Lipofectamine 2000 (Life Technologies) protocol. After transfection, cells were cultured for 8 weeks in a complete medium containing selective antibiotics: Puromycin for Neuro2a‐shuPAR (at 4 μg/ml; Sigma‐Aldrich) and G418 for Neuro2a‐uPAR cells (at 400 μg/ml; Sigma‐Aldrich). uPAR expression was assessed using real‐time polymerase chain reaction (RT‐PCR).

2.4. uPAR re‐expression after CRISPR/Cas9 *PLAUR* gene downregulation in Neuro2a cells {#jcp29555-sec-0060}
--------------------------------------------------------------------------------------

For uPAR re‐expression in uPAR‐deficient clones (Neuro2a‐ΔuPAR clones \#3, \#6, and \#30), we used pN1 vector encoding full‐length murine uPAR complementary DNA (cDNA) as previously described (Semina et al., [2016](#jcp29555-bib-0060){ref-type="ref"}). Briefly, cell transfection was performed using Lipofectamine 2000 (Life Technologies). After re‐expression, uPAR clone cells (Re\#3, Re\#6, Re\#30) were cultured for 8 weeks in complete medium containing G418 (400 μg/ml; Sigma‐Aldrich) as a selective antibiotic. uPAR expression was evaluated by RT‐PCR.

2.5. Cell lysates and western blot analysis {#jcp29555-sec-0070}
-------------------------------------------

Cells were lysed in a Laemmli buffer containing β‐mercaptoethanol, heated at 90°C for 10 min, electrophoresed in 10% sodium dodecyl sulfate/polyacrylamide gel and electroblotted onto polyvinylidene difluoride membranes (Immobilon). Kaleidoscope Prestained Standards (Bio‐Rad) were used as molecular weight markers. After rinsing in Tris‐buffer saline (TBS), membranes were pre‐blocked in an incubation TBSM buffer (TBS containing 5% nonfat dry milk and 0.5% Tween‐20) for 2 hr. Membranes were incubated with the following antibodies: rabbit anti‐uPAR (cat\# SC‐10815, RRID:AB_2165354; Santa Cruz), mouse anti‐occludin (cat\# 33--1500, RRID:AB_2533101; Invitrogen), mouse anti‐claudin‐5 (cat\# 35‐2500, RRID:AB_2533200; Invitrogen), rabbit anti‐E‐cadherin (cat\# Ab53033, RRID:AB_868611; Abcam), rabbit anti‐vinculin (cat\# V4139, RRID:AB_262053; Sigma‐Aldrich), rabbit anti‐N‐cadherin (cat\# Ab76011, RRID:AB_1310479; Abcam), rabbit anti‐interleukin‐6 (anti‐IL‐6; cat\# ab7737, RRID:AB_306031; Abcam), rabbit anti‐α‐SMA (cat\# Ab32575, RRID:AB_722538; Abcam), rabbit anti‐total ERK1/2 (cat\# ab17942, RRID:AB_2297336; Abcam), rabbit anti‐phospho‐ERK (anti‐p‐ERK; T185+T202; cat\# ab4819, RRID:AB_304655; Abcam), rabbit anti‐signal transducer and activator of transcription 1 (anti‐STAT1; cat\# 9172, RRID:AB_2198300; Cell Signaling), rabbit anti‐p‐SMAD2 (cat\# ab53100, RRID:AB_874025; Abcam), rabbit anti‐p‐SMAD3 (cat\# ab52903, RRID:AB_882596; Abcam), rabbit anti‐NF‐κB p105/p50 (cat\# ab7971, RRID:AB_306185; Abcam) and rabbit histone H3A (cat\# ab18521, RRID:AB_732917; Abcam) at 4°C for 24 hr, washed with TBSM, and incubated with secondary antibodies conjugated with peroxidase (Imtek) at room temperature for 1 hr. Membranes were visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and ChemiDoc™ XRS+ System (Bio‐Rad) for western blot analysis imaging and analysis.

2.6. Subcellular fractionation {#jcp29555-sec-0080}
------------------------------

Cellular fractions (membrane, cytosolic, and nuclear) obtained from Neuro2a cells were extracted using the Qproteome^TM^ Cell Compartment kit according to the manufacturer\'s instructions (Qiagen). Protein concentration in each fraction was measured using the BCA protein assay kit (Pierce Biotechnology). Lysates were subjected to western blot analysis.

2.7. Quantitative real‐time polymerase chain reaction analysis {#jcp29555-sec-0090}
--------------------------------------------------------------

RNeasy® Mini Kit (Qiagen) was used for total RNA extraction. For cDNA preparation, 1,5 μg of total RNA was used. The cDNA synthesis was carried out using SuperScript® III First‐Strand Synthesis SuperMix for quantitative RT‐PCR (qRT‐PCR; Thermo Fisher Scientific) MMLV RT kit (Evrogen, Russia). The concentration of undiluted cDNA in qPCR reaction volume was 8%. Primers for murine uPAR, Snai1, and self‐renewal regulatory factors Nanog, Oct4, Sox2, and β‐actin (used as an endogenous control gene) cDNAs were obtained from Evrogen: uPAR‐Forward 5′‐CGCCACAAACCTCTGCAAC‐3′, uPAR‐Reverse 5′‐CTCTGTAGGATAGCGGCATTG‐3′, uPA‐Forward 5′‐ATGGAAATGGTGACTCTTACCGA‐3′, uPA‐Reverse 5′‐TGGGCATTGTAGGGTTTCTGA‐3′, Snai1‐Forward 5′‐CTGCTTCGAGCCATAGAACTAAAG‐3′, Snai1‐Reverse 5′‐GAGGGGAACTATTGCATAGTCTGT‐3′ (Li et al., [2011](#jcp29555-bib-0037){ref-type="ref"}), Oct4‐Forward 5′‐TTGGGCTAGAGAAGGATGTGGTT‐3′, Oct4‐Reversed 5′‐GGAAAAGGGACTGAGTAGAGTGTGG‐3′, Nanog‐Forward 5′‐CAAAGGATGAAGTGCAAGCG‐3′, Nanog‐Reversed 5′‐CCAGATGCGTTCACCAGATAG‐3′, Sox2‐Forward 5′‐GCGGAGTGGAAACTTTTGTCC‐3′, Sox2‐Reversed 5′‐CGGGAAGCGTGTACTTATCCTT‐3′, Snail, β‐actin‐Forward 5′‐AGTGTGACGTTGACATCCGTA‐3′, β‐actin‐Reverse 5′‐GCCAGAGCAGTAATCTCCTTCT‐3′. The thermal cycling program for template denaturation, primers annealing and primer extension was 94°C for 15 s, 62°C for 15 s, and 72°C for 20 s for 40 cycles, correspondingly. A relative transcript level was calculated using the $2^{- \Delta\Delta C_{t}}$ method. The normalization was done assuming the mean level of each transcript in wild‐type (WT) cells to be 1.

2.8. Cell index measurement with automated incucyte® ZOOM analysis system {#jcp29555-sec-0100}
-------------------------------------------------------------------------

Incucyte® ZOOM Live Cell Analysis System (Essen Bioscience) is an automated cell culture monitoring system (microscope + imaging controller) located inside a CO~2~ incubator. The method allows measuring the changes in the cell confluence index in real‐time, reflecting the changes in cells\' number or their size. Neuro2a cells were plated in 12‐well plates (concentration of cells 3 × 10^5^/well) and placed in the Incucyte® ZOOM system. The time‐lapse imaging of nine fields of vision in each well was carried out for 5 days with a frequency of every 2 hr. The curves reflecting the changes in the monolayer area over time were obtained using the Incucyte® ZOOM image‐processing software package. Briefly, the Incucyte ZOOM\'s Confluence Processing Analysis tool is based on area (confluence) metrics and allows calculating the value of the area covered by cells (mean percentage of cell area in each well).

2.9. Neuro2a cells proliferation assay {#jcp29555-sec-0110}
--------------------------------------

Neuro2a cells were plated in 24‐well plates (concentration of cells 2 × 10^4^/well) and maintained in the complete medium. The number of cells in cultures with different uPAR expression was calculated every 24 hr for 4 days using an automatic Countess® Automated Cell Counter (Thermo Fisher Scientific). The proliferation of histogram was plotted using the obtained data. Data are presented as the dependence of total cell number on the time interval. The experiment was performed in six parallels and repeated three times.

2.10. Neuro2a cell size measurement {#jcp29555-sec-0120}
-----------------------------------

Neuro2a cells with different uPAR expression were plated into 24‐well plates at a concentration of 1 × 10^4^/well. After 48 hr, cells were moved into the chamber of a Leica microscope (Leica AF6000 LX) equipped with a temperature (37°C) and CO~2~ (5%) control system, camera Leica DFC 350FX and LAS AF software. Images of living cells were captured using a Leica phase‐contrast light microscope (Leica AF6000 LX). The cell size (cell area) was evaluated using the ImageJ software (RRID: SCR_003070; National Institute of Health, Bethesda, MD). Minimal cell size was limited to 50 μm^2^ to avoid false‐positive measuring of small dots in the image; cells on the image edges were excluded. Inaccurately selected cells that appeared as a result of the automated method of ImageJ application (Baviskar, [2011](#jcp29555-bib-0005){ref-type="ref"}) were excluded and re‐selected manually using the Selection Brush Tool (ImageJ tool). The areas of at least 200 cells were measured for each cell type.

2.11. Cell adhesion assay {#jcp29555-sec-0130}
-------------------------

Neuro2a cells with different levels of uPAR expression were plated into 24‐well plates at a concentration of 2 × 10^5^/well. Cells were incubated in complete medium for 30 min, 1 or 2 hr at 37°C. Unattached cells were removed by a brief rinse with Hank\'s balanced saline solution (HBSS) and a change of the medium. Images of attached cells in 3--5 equivalent fields of view for each well were captured using a time‐lapse Leica phase‐contrast light microscope (Leica AF6000 LX) equipped with a stage incubator with temperature (37°C) and CO~2~ (5%) control, Leica DFC 350FX camera, and LAS AF software. The number of attached cells for each image was calculated using the ImageJ software. The experiment was performed in three biological replicates.

2.12. Wound scratch assay {#jcp29555-sec-0140}
-------------------------

Neuro2a cells with different levels of uPAR expression were plated into 24‐well plates at a concentration of 1 × 10^4^/well and allowed to reach a confluent monolayer up to 48 hr. To create a "scratch," the cell monolayers were scraped in a straight line with a p1000 pipet tip. Immediately afterward, the media was replaced with a fresh growth media containing either 50 nM uPA, bovine serum albumin (BSA) in equivalent concentration as control or 10 μM highly specific uPA inhibitor BC11 (IC50 8.2 μM). Cells were analyzed using a time‐lapse Leica phase‐contrast light microscope (Leica AF6000 LX) equipped with a stage incubator with temperature (37°C) and CO~2~ (5%) control, Leica DFC 350FX camera, and LAS AF software. Images of living cells were acquired every 10 min during the next 24 hr. For each cell type, the wound area was measured using the ImageJ software and the magnetic resonance imaging wound healing tool ([http://dev.mri.cnrs.fr/projects/imagej‐macros/wiki/Wound_Healing_Tool](http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool)) at the beginning of the experiment (0 hr) and 24 hr after. The data were expressed as the change in the wound area over time and calculated as a percentage of the original wound area. Experiments were performed in duplicates and repeated twice.

2.13. Immunofluorescent staining and confocal imaging of Neuro2a cells {#jcp29555-sec-0150}
----------------------------------------------------------------------

Neuro2a cells with different levels of uPAR expression were seeded into the wells of the Nunc® Lab‐Tek® Chamber Slide™ system at a low concentration (2 × 10^4^/ml) in a complete medium; 24 hr later the slides with cells were washed with warmed HBSS, fixed in 4% formaldehyde, and incubated with primary and secondary antibodies. Co‐staining of Neuro2a cells for intracellular uPA (mouse monoclonal anti‐uPA; Abcam) and lysosome‐associated membrane marker (rabbit anti‐LAMP1; Abcam), was performed in permeabilizing conditions using Triton X‐100 (0.1% in HBSS, 10 min) as described earlier (Semina et al., [2016](#jcp29555-bib-0060){ref-type="ref"}). Donkey anti‐rabbit AlexaFluor® 488 and donkey anti‐mouse AlexaFluor® 594 (Molecular Probes) were used as secondary antibodies. The nuclei were counterstained with DAPI (Sigma‐Aldrich). Images were acquired using a confocal laser scanning microscopy system (LSM 780; Zeiss) and ZEN 2010 software. All images were captured with the same confocal gain and offset settings. The fluorescence intensity data were processed using Histo function of ZEN 2010 software. The Histo function allows the acquisition of the distribution of pixel intensities along the marked line or in the region of interest of the image. The Histo function displays statistical parameters of pixel intensities, such as mean intensity, standard deviation, number of pixels, and size area. The results of at least three independent experiments are presented.

To address the possibility of exogenous uPA to be translocated into nuclei, Neuro2a cells with different levels of uPAR expression were seeded into the wells of the Nunc® Lab‐Tek® Chamber Slide™ system at a concentration of 2 × 10^4^/ml in a complete medium. After 24 hr 50 nM of urokinase conjugated with fluorescein (uPA‐fluorescein isothiocyanate \[FITC\]) was added to the wells. After 30 min, 6 hr, and 24 hr the cells were washed with warmed HBSS, fixed in 4% formaldehyde and incubated with primary anti‐LAMP1 (rabbit; Abcam) and secondary AlexaFluor® 594 antibodies (donkey anti‐rabbit). The nuclei were counterstained with 4′,6‐diamidino‐2‐phenylindole (DAPI). Images were acquired using a confocal laser scanning microscopy system (LSM 780; Zeiss) and ZEN 2010 software. All images were captured with the same confocal gain and offset settings.

2.14. Neuro2a colony‐forming assay {#jcp29555-sec-0160}
----------------------------------

To evaluate the colony‐forming potential, a single‐cell suspension of Neuro2a cells with different uPAR expression was plated on 24‐well plates in complete cell medium at a density of 1 × 10^4^/well. Cells of each type were plated in at least two wells and repeated three times. After 48 hr, the number of colonies (CFU) was analyzed in at least five fields of view of each cell type. Imaging was carried out using a Leica phase‐contrast light microscope (Leica AF6000 LX).

2.15. Data and statistical analysis {#jcp29555-sec-0170}
-----------------------------------

All quantitative data are presented as the mean ± standard error of the mean (*SEM*) or standard deviation. Student\'s unpaired *t* test was applied for two‐group comparisons. For multiple‐group comparisons we performed one‐way analysis of variance (ANOVA) if the hypothesis of the equal variances was accepted; Welch\'s ANOVA was used if the hypothesis of the equal variances was rejected, followed by the Tukey or Tamhane\'s T2 post hoc tests, respectively, to determine the statistical significance of the obtained results. A two‐way ANOVA followed by the Tukey post hoc test was performed for cell adhesion analysis and wound scratch assay. Data were analyzed using GraphPad Prism 8 software (RRID: SCR_002798; GraphPad Software Inc.). A value of *p* \< .05 was considered to be statistically significant.

3. RESULTS {#jcp29555-sec-0180}
==========

3.1. Neuro2a cells\' morphology depends on uPAR expression {#jcp29555-sec-0190}
----------------------------------------------------------

We used IncuCyte™ for live monitoring of Neuro2a cells with different levels of uPAR expression.

As described earlier, we generated Neuro2a‐uPAR cells stably overexpressing murine uPAR using plasmid transfection (Semina et al., [2016](#jcp29555-bib-0060){ref-type="ref"}). Recently, we also reported the generation of uPAR‐deficient Neuro2a cell clones using the CRISPR/Cas9 gene‐editing technique (Neuro2a‐∆uPAR cells; Rysenkova et al., [2018](#jcp29555-bib-0057){ref-type="ref"}). In the present study, we used three of these clones: \#6 with complete uPAR knockout, and clones \#30 and \#3 with significant uPAR suppression (in \#3 clone uPAR mRNA was 25 times less than in WT, while in \#30 clone it was 20 times less) (Figure [1a](#jcp29555-fig-0001){ref-type="fig"}). To support the data obtained using uPAR‐deficient clones generated with CRISPR/Cas9 technology, we also enrolled Neuro2a cells (Neuro2a‐shuPAR) with downregulated uPAR expression that had been acquired using the shRNA technique as described earlier (Semina et al., [2016](#jcp29555-bib-0060){ref-type="ref"}).

![The area covered by cells evaluated by the IncuCyte ZOOM™ system in Neuro2a cell cultures with different levels of uPAR expression. (a) RT‐PCR analysis of uPAR expression in Neuro2a cells. The mRNA level in Neuro2a was evaluated using RT‐PCR; data were normalized to β‐actin expression as a housekeeping gene. Results are representative of three independent experiments. (b) The time‐lapse imaging was performed continuously during 120 hr. The curves reflect the changes in the monolayer area over time. Data are presented as mean ± *SEM*. (c) Automatically identified regions of interest using masks (yellow) after 24 hr. Bars, 300 µm. WT: control Neuro2a cells; Neuro2a‐uPAR: uPAR‐overexpressing Neuro2a cells; \#3, \#6, and \#30: uPAR‐deficient clones of Neuro2a cells. RT‐PCR, real‐time polymerase chain reaction; *SEM*, standard error of mean; uPAR, urokinase‐type plasminogen activator receptor; WT, wild‐type](JCP-235-6268-g001){#jcp29555-fig-0001}

An image‐based method for real‐time monitoring of cell index using IncuCyte™ and ImageJ analysis allowed us to demonstrate that uPAR is a major trigger of the changes in Neuro2a cell morphology. Cells were plated as described in Section [2](#jcp29555-sec-0020){ref-type="sec"} and allowed to adhere. IncuCyte™ analysis assigned an increased cellular index to uPAR‐deficient cells (\#3, \#6, and \#30 clones in Figure [1b](#jcp29555-fig-0001){ref-type="fig"}) throughout the experiment (120 hr). Interestingly, uPAR‐overexpressing cells were also characterized by an increased cell index (120 hr). Since the evaluation of the cell index by the IncuCyte™ system is based on the mask used to characterize the surface area occupied by cells (Figure [1c](#jcp29555-fig-0001){ref-type="fig"}), the augmentation in cell index can reflect the increased cell number and/or the enlargement in their size.

To address this matter, Neuro2a cells with different uPAR expression levels were plated in a low‐density monolayer and cultured for 24 hr allowing strong cell adhesion. Images of living cells were captured using a Leica microscope (Figure [2a](#jcp29555-fig-0002){ref-type="fig"}) and the cell size was analyzed with the tools of ImageJ (Figure [2b](#jcp29555-fig-0002){ref-type="fig"}). We found that the size of Neuro2a‐ΔuPAR cells (\#3, \#6, and \#30 clones) was significantly larger in respect to the size of WT cells, while the size of Neuro2a‐uPAR cells was, on the contrary, significantly smaller (Figure [2b](#jcp29555-fig-0002){ref-type="fig"}). After 24 hr in culture, cell area in uPAR‐deficient clones \#3, \#6, and \#30 was 406,0 ± 12,9 μm^2^ (*p* \< .0001 compared with WT cells; ANOVA), 362,9 ± 15,3 μm^2^ (*p* \< .0001 compared with WT cells; ANOVA), and 331,2 ± 11,4 μm^2^ (*p* \< .01 compared with WT cells; ANOVA), respectively; while in WT cells, cell area was 269,5 ± 5,6 μm^2^ and in Neuro2a‐uPAR cells, the cell area was 181,2 ± 3,4 μm^2^ (*p* \< 0.001 compared with WT cells; ANOVA).

![Expression of uPAR affects cell morphology in Neuro2a cells. (a) Neuro2a cells with different levels of uPAR expression were plated in 24‐well plates at a concentration of 1 × 10^4^/well. 48 hr after the cells were monitored using a light microscope. Results are representative of three independent experiments. Bar 75 µm. (b) Results of cell size (cell area) measurement; minimal cell size was limited to 50 μm^2^ to avoid measuring too small dots. (c) Control Neuro2a cells (WT) and cells transfected with shRNA to suppress uPAR (Neuro2a‐shuPAR) were plated onto 24‐well plates at a concentration of 0.5 × 10^4^/well. 48 hr later, cells have been monitored using light microscopy. The silencing of uPAR in Neuro2a cells leads to the emergence of atypical cells of large size. Results are representative of three independent experiments. Bar 50 µm. (d) Results of cell size (cell area) measurement; minimal cell size was limited to 50 μm^2^ to avoid measuring unrelated dots. (e) Neuro2a cells with different uPAR expression were seeded into cell culture plates in the presence of 50 nM uPA or BSA as a control. 24 hr later, cells were analyzed using light microscopy. Bar 250 µm. Results are representative of three independent experiments. (f) Graph showing the number of colony‐forming units (CFU) calculated at least in three fields of view. The cell colony‐forming ability of Neuro2a depends on the uPAR expression. Data are presented as mean ± *SEM*, \**p* \< .05 compared with WT, \*\**p* \< .01 compared with WT, \*\*\**p* \< .001 compared with WT, \*\*\*\**p* \< .0001 compared with WT (ANOVA, Tukey post hoc test). WT: control Neuro2a cells; Neuro2a‐uPAR: uPAR‐overexpressing Neuro2a cells; \#3, \#6, and \#30: uPAR‐deficient clones of Neuro2a cells. ANOVA, analysis of variance; BSA, bovine serum albumin; *SEM*, standard error of mean; shRNA, short hairpin RNA; uPA, urokinase‐type plasminogen activator; uPAR, urokinase‐type plasminogen activator receptor; WT, wild‐type;](JCP-235-6268-g002){#jcp29555-fig-0002}

To avoid the effects related to the individual features of the selected clones \#3, \#6, and \#30, we repeated the experiment using Neuro2a cells, where uPAR expression had been silenced by RNA interference. As anticipated, the cell size of Neuro2a‐shuPAR cells was significantly larger compared to WT cells (Figure [2c](#jcp29555-fig-0002){ref-type="fig"}). After 24 hr in culture, the cell size of Neuro2a‐shuPAR cells was 384,9 ± 14,5 μm^2^ (*p* \< .0001 compared with WT cells; ANOVA), while in WT cells the cell area was 269,5 ± 5,6 μm^2^ (Figure [2d](#jcp29555-fig-0002){ref-type="fig"}). Thus one can infer that uPAR expression demonstrably alters Neuro2a cell morphology: uPAR downregulation using the CRISPR/Cas9 gene‐editing technique and RNA interference results in a significant enlargement in the cell size, while uPAR overexpression leads to the opposite effect---a reduction in the cell size.

3.2. uPAR regulates cell proliferation in Neuro2a cells {#jcp29555-sec-0200}
-------------------------------------------------------

As described above, the cell size of uPAR‐overexpressing cells (Neuro2a‐uPAR) was significantly diminished comparing to the control (WT; Figure [2](#jcp29555-fig-0002){ref-type="fig"}). We anticipated that the reduction in the cell size could be accompanied by an increase in cell proliferation in uPAR‐overexpressing cells. To prove this assumption, Neuro2a‐uPAR and WT cells were plated in equal concentration and analyzed using an automatic Countess® Automated Cell Counter (Thermo Fisher Scientific). The rise in cell proliferation was evident from the data of total cell counts at different time points (24--96 hr; Figure [3](#jcp29555-fig-0003){ref-type="fig"}). After 96 hr up to 1.73 times difference in the cell numbers was evident between WT and Neuro2a‐uPAR cells (*p* \< .001 compared with WT, *t* test).

![uPAR overexpression increases the proliferation of Neuro2a cells. WT---Control Neuro2a cells; Neuro2a‐uPAR---uPAR‐overexpressing cells. The data are presented as mean ± *SD* (*n* = 6 wells per group). \*\**p* \< .01 compared with WT, \*\*\**p* \< .001 compared with WT (*t* test). *SD*, standard deviation; uPAR, urokinase‐type plasminogen activator receptor; WT, wild‐type](JCP-235-6268-g003){#jcp29555-fig-0003}

We have shown previously that uPAR deficiency correlates with the decline in cell proliferation as measured by live cell counts and Flow Cytometry analysis using an antibody against Ki‐67 at different time points (Rysenkova et al., [2018](#jcp29555-bib-0057){ref-type="ref"}). To summarize, our data obtained previously and in the current study indicate that uPAR suppression results in the increased cell index, which is due to the enlargement in the cell size and the decrease in cell proliferation.

It is common knowledge that the change in cell phenotype and increased proliferation frequently correlate with EMT in cancer cells (Hanahan & Weinberg, [2011](#jcp29555-bib-0027){ref-type="ref"}). To gain further understanding of the role of uPAR in EMT of neuroblastoma cells, we evaluated cell migration capacity in wound scratch assay, colony‐forming potential, the expression level of transcription factors responsible for pluripotency and self‐renewal, expression of EMT markers, and signaling activated upon EMT in relation to the level of uPAR expression.

3.3. uPAR suppression significantly reduces colony‐forming potential in Neuro2a cells {#jcp29555-sec-0210}
-------------------------------------------------------------------------------------

The CFU assay is the most frequently used test to assess the clonogenic potential of bone marrow and tumor cells (Kurtzberg et al., [2008](#jcp29555-bib-0034){ref-type="ref"}). To compare the clonogenic potential of uPAR‐expressing cells (WT and uPAR‐overexpressing Neuro2a‐uPAR cells) with uPAR‐deficient cells (clones \#3 and \#6 of Neuro2a‐ΔuPAR), we plated them in a low‐density monolayer and treated with BSA for 24 hr (control) or uPA at 50 nM (Figure [2E](#jcp29555-fig-0002){ref-type="fig"}). CFU was 20 ± 3 in WT cells treated with BSA (WT + BSA) and 16 ± 1 in WT cells treated with uPA (WT + uPA); in uPAR‐overexpressing cells, CFU was 11 ± 5 in cells treated with BSA (Neuro2a‐uPAR + BSA) and 10 ± 0.5 in cells treated with uPA (Neuro2a‐uPAR + uPA); in uPAR‐deficient clones, CFU was 4 ± 2 in clone \#3 treated with BSA (\#3 + BSA) and 3 ± 1 in clone \#3 treated with uPA (\#3 + uPA), 6 ± 2 in clone \#6 treated with BSA (\#6 + BSA) and 5 ± 3 in clone \#6 treated with uPA (\#6 + uPA; Figure [2f](#jcp29555-fig-0002){ref-type="fig"}). The mean total CFU in clones \#3 and \#6, either treated with BSA or uPA, was significantly lower comparing to WT cells (*p* \< .05; ANOVA). Remarkably, the administration of uPA exerted no statistically significant effect on the number of CFU formed by control cells, uPAR‐deficient or uPAR‐overexpressing cells (*p* \> 0.05; ANOVA). Overall, these results indicate that uPAR expression is crucial for the colony‐forming potential of Neuro2a cells, since uPAR‐deficient clones exhibit a markedly reduced CFU.

3.4. Quantitative RT‐PCR of *Nanog, Oct4*, and *Sox2* in Neuro2a cells {#jcp29555-sec-0220}
----------------------------------------------------------------------

Quantitative RT‐PCR was conducted to determine the relative expression levels of three transcription factors *Nanog, Oct4*, and *Sox2*, since their expression correlates with cell clonogenic potential and stem cell‐like phenotype (Carlin, Davis, Weiss, Schultz, & Troyer, [2006](#jcp29555-bib-0009){ref-type="ref"}; Gagliardi et al., [2013](#jcp29555-bib-0024){ref-type="ref"}; Osorno & Chambers, [2011](#jcp29555-bib-0052){ref-type="ref"}; Walker & Stanford, [2009](#jcp29555-bib-0071){ref-type="ref"}). Results from one experiment are presented as mean ± *SEM* (Table [1](#jcp29555-tbl-0001){ref-type="table"}). The results indicate that there was no statistically significant difference in *Nanog* mRNA expression levels between the cell types (control cells, uPAR‐overexpressing cells, and uPAR‐deficient clones, \#3, \#6, and \#30 clones; *p* \> .05; ANOVA). Furthermore, mRNA for *Oct4* and *Sox2* was undetectable in all the tested cell types. Thus, we can infer from these data that, while uPAR downregulation resulted in the decreased colony‐forming potency of Neuro2a cells, it had no effect on the mRNA expression levels of transcription factors responsible for pluripotency and self‐renewal (*Nanog*, *Oct4*, and *Sox2*). Thus, the increase in the proliferation rate of uPAR‐overexpressing cells is not interrelated with the change in the expression of transcription factors responsible for pluripotency but is rather associated with the colony‐forming ability.

###### 

RT‐PCR analysis of expression of stem cell pluripotency markers in Neuro2a cells; RT‐PCR data are presented as fold‐change in *Nanog*, *Oct4*, and *Sox2* relative gene expression

  Cell type      Relative mRNA level                    
  -------------- --------------------- ---------------- ----------------
  WT             1.000 ± 0.132         Not detectable   Not detectable
  Neuro2a‐uPAR   1.251 ± 0.453         Not detectable   Not detectable
  \#3            0.316 ± 0.262         Not detectable   Not detectable
  \#6            0.972 ± 0.099         Not detectable   Not detectable
  \#30           0.178 ± 0.061         Not detectable   Not detectable

*Note*: Data were normalized to β‐actin expression as a housekeeping gene; the normalization was done assuming as 1 the mean level of transcript in WT cells. Data are presented as a mean ± *SEM*. WT: control Neuro2a cells; Neuro2a‐uPAR: uPAR‐overexpressing cells; \#3, \#6, and \#30: uPAR‐deficient clones of Neuro2a cells.

Abbreviations: mRNA, messenger RNA; RT‐PCR, real‐time polymerase chain reaction; *SEM*, standard error of mean; uPAR, urokinase‐type plasminogen activator receptor; WT, wild‐type.

John Wiley & Sons, Ltd.

3.5. uPAR expression affects Neuro2a cell adhesion {#jcp29555-sec-0230}
--------------------------------------------------

Neuro2a cells with different levels of uPAR expression were seeded at equal concentrations into 24‐well plates; non‐adherent cells were discarded after 30 min, 1 hr, or 2 hr by HBSS rinsing and media replacement (Figure [4a](#jcp29555-fig-0004){ref-type="fig"}). After 30 min both, WT and Neuro2a‐uPAR cells were well attached: 837 ± 153 and 1316 ± 123 cells per image view, respectively. However, fewer cells attached in uPAR‐deficient cultures: 732 ± 130 in Neuro2a‐shuPAR cells, 647 ± 110 in clone \#3, 431 ± 92 in clone \#6, and 151 ± 30 in clone \#30 (Figure [4b](#jcp29555-fig-0004){ref-type="fig"}). The differences between WT and clone \#30 were statistically significant (*p* \< .05; two‐way ANOVA). The differences between uPAR‐overexpressing cells (Neuro2a‐uPAR) and all uPAR‐deficient cells (Neuro2a‐shuPAR, clones \#3, \#6, \#30) were statistically significant (*p* \< .05, *p* \< .01, *p* \< .0001, *p* \< .0001, correspondingly; two‐way ANOVA).

![uPAR downregulation decreases Neuro2a cell adhesion and increases Neuro2a cell migration in wound scratch assay. (a) Neuro2a cells with different levels of uPAR expression were seeded into cell culture plates and the medium with non‐adherent cells was replaced 30 min, 1 or 2 hr later. Neuro2a cell adhesion was analyzed using light microscopy. Bar 250 µm. Results are representative of three independent experiments. (b) Graph showing the mean number of attached cells calculated at least in three fields of view in three different wells ± *SEM*, \**p* \< .05 compared with WT cells (two‐way ANOVA, Tukey post hoc test). (c) Neuro2a cells were allowed to form a confluent monolayer. A scratch was created in a straight line with a p1000 pipet tip across the monolayer of cells. During 24 hr cells were cultured in the presence of 50 nM of uPA, 10 μM BC11 (uPA inhibitor) or BSA as a control. Green areas indicate cell‐free zones as determined using the MRI Wound Healing Tool of ImageJ. Results are representative of three independent experiments. Bar 250 µm. (d) Statistical analysis of the wound scratch closure monitored over time in the presence of BSA (blue columns), uPA (red columns), or BC11 (green columns). Data are presented as the mean residual wound area at 24 hr as a percentage of the original wound area at 0 hr ± *SEM*. \**p* \< .05, \*\**p* \< .01, \*\*\**p* \< .001, \*\*\*\**p* \< .0001 all compared with the respective value in WT BSA, WT uPA, or WT BC11 (two‐way ANOVA, Tukey post hoc test). The factor of different agents (BSA, uPA, or BC11) administrated to the cell medium was statistically nonsignificant (*p* \> .05, two‐way ANOVA). WT: control Neuro2a cells; Neuro2a‐uPAR: uPAR‐overexpressing Neuro2a cells; \#3 and \#6: uPAR‐deficient clones of Neuro2a cells. ANOVA, analysis of variance; BSA, bovine serum albumin; MRI, magnetic resonance imaging; uPA, urokinase‐type plasminogen activator; uPAR, urokinase‐type plasminogen activator receptor; *SEM*, standard error of mean; WT, wild‐type](JCP-235-6268-g004){#jcp29555-fig-0004}

After 1 hr incubation, Neuro2a‐uPAR cells (14667 ± 272 per image view) adhered significantly stronger than WT cells (753 ± 173; *p* \< .05; two‐way ANOVA). The number of cells attached to plastic in Neuro2a‐uPAR cell culture was statistically higher than in Neuro2a‐shuPAR culture (623 ± 104) or clone \#3 (495 ± 83) or clone \#6 (668 ± 132) or clone \#30 (241 ± 61) (*p* \< .001, *p* \< .0001, *p* \< .001, *p* \< .0001, correspondingly; two‐way ANOVA). However, after 2 hr no differences in cell adhesion between different cell types can be detected, reflecting that 2 hr time interval was enough for Neuro2a cells to attach (*p* \> .05; two‐way ANOVA). Furthermore, when we compared the differences between cell adhesion after 30 min, one or 2 hours, we found that cell adhesion changed significantly between time points only in clones \#3, \#6, and \#30 (*p* \< .05; two‐way ANOVA), which was consistent with our microscopic live observation that uPAR‐deficient cells had a lower adhesion capacity and needed more time to fully attach to a culture plate. One the contrary, uPAR overexpression resulted in an increase in cell adhesion.

3.6. uPAR downregulation increases Neuro2a cell migration in wound scratch assay {#jcp29555-sec-0240}
--------------------------------------------------------------------------------

We further examined the migration potential of Neuro2a cells with different uPAR expression levels using a standard in vitro wound scratch assay (Liang, Park, & Guan, [2007](#jcp29555-bib-0038){ref-type="ref"}). Green areas in Figure [4c](#jcp29555-fig-0004){ref-type="fig"} indicate the wound surfaces at the beginning of the experiment (0 hr) and 24 hr later. As illustrated in Figure [4c](#jcp29555-fig-0004){ref-type="fig"}, uPAR‐expressing cells (WT and Neuro2a‐uPAR) generally displayed a low migratory ability in control conditions (BSA); no statistically significant difference in migration rate was detected between these cells at 24 hr (*p* \> .05; two‐way ANOVA; Figure [4d](#jcp29555-fig-0004){ref-type="fig"}). uPA exerted no stimulatory effects on wound healing in uPAR‐expressing cell cultures: administration of 50 nM urokinase failed to increase the migratory rate of WT or Neuro2a‐uPAR cells (*p* \> .05; two‐way ANOVA). Strikingly, in control conditions (BSA) the cell migration capacity of Neuro2a‐ΔuPAR clones (\#3 and \#6), was up to 2.5 times higher compared to the control (WT) and Neuro2a‐uPAR cells (at 24 hr; Figure [4d](#jcp29555-fig-0004){ref-type="fig"}). The treatment with uPA for 24 hr had no effect on Neuro2a‐ΔuPAR cell migration: No statistically significant difference was detected between Neuro2a‐ΔuPAR cells cultured in control conditions (BSA) or upon uPA administration (at 24 hr; Figure [4d](#jcp29555-fig-0004){ref-type="fig"}). The same results were demonstrated using highly specific uPA inhibitor BC11: administration of 10 μM BC11 did not affect significantly the migratory rate of Neuro2a cells (*p* \> .05; two‐way ANOVA). After 24 hr, we observed almost complete scratch closure in Neuro2a‐ΔuPAR cell cultures (clones \#3 and \#6) (approximately, 75% in \#3 clone and 87% in \#6 clone, *p* \< .0001; two‐way ANOVA; Figure [4c](#jcp29555-fig-0004){ref-type="fig"}). Taken together, the obtained results indicate that uPAR‐deficient Neuro2a cells have a higher potential for migration in a wound scratch assay. Unexpectedly, uPA or BC11 administration to the culture media of cells with different uPAR expression exerted no stimulatory or inhibitory effect on cell migration, respectively.

3.7. uPAR suppression upregulates expression of EMT proteins in Neuro2a cells {#jcp29555-sec-0250}
-----------------------------------------------------------------------------

Since we obtained results on enhanced cell migration in uPAR‐deficient neuroblastoma cells, we aimed to determine whether experimentally altered uPAR expression could influence the EMT program. To test this possibility, we first examined the expression of epithelial and mesenchymal markers in Neuro2a cells using western blot analysis (Figure [5](#jcp29555-fig-0005){ref-type="fig"}). While we identified the substantial expression of epithelial markers, such as occludin, claudin‐5, and E‐cadherin in uPAR‐expressing cells (WT and Neuro2a‐uPAR cells; Figure [5a](#jcp29555-fig-0005){ref-type="fig"}), the mesenchymal markers, such as N‐cadherin and α‐SMA were undetectable (Figure [5b](#jcp29555-fig-0005){ref-type="fig"}). Interestingly, the expression of the same epithelial markers in uPAR‐deficient cells (clones \#3, \#6, and \#30) was dramatically decreased, while the expression of mesenchymal markers was upregulated (Figure [5](#jcp29555-fig-0005){ref-type="fig"}). These results and the data obtained in the wound scratch assay allow us to assume that uPAR is a factor that sustains the epithelial phenotype in neuroblastoma cells. uPAR downregulation promotes the transition of cells into a mesenchymal state, characterized by increased migration.

![Expression of EMT markers in Neuro2a cells depends on the expression level of uPAR. Western blot analysis of epithelial (a) and mesenchymal (b) markers expression of EMT process was detected in Neuro2a cells. WT, Neuro2a‐uPAR, \#3 and \#6 clones represented in the figure in duplicates. Vinculin was used as a protein loading control. Reproducible results of three independent experiments are presented. (c) The level of *Snail* expression depends on uPAR downregulation. The mRNA level of Snai1 was normalized to β‐actin expression as a housekeeping gene; the normalization was done assuming the mean level of transcript in WT cells to be 1. The bar graph represents the mean relative expression level of at least three biological repeats ± *SEM*. \*\**p* \< .01 compared with WT cells (ANOVA, Tukey post hoc test). WT: control Neuro2a cells; Neuro2a‐uPAR: uPAR‐overexpressing Neuro2a cells; \#3 and \#6: uPAR‐deficient clones of Neuro2a cells. α‐SMA, α‐smooth muscle actin; ANOVA, analysis of variance; EMT, epithelial--mesenchymal transition; mRNA, messenger RNA; *SEM*, standard error of mean; uPAR, urokinase‐type plasminogen activator receptor; WT, wild‐type](JCP-235-6268-g005){#jcp29555-fig-0005}

3.8. Quantitative RT‐PCR of Snai1 in Neuro2a cells {#jcp29555-sec-0260}
--------------------------------------------------

Quantitative RT‐PCR was carried out to detect the relative expression level of transcription factor *Snai1* since it is referred to as EMT‐inducing transcription factor directly binding and repressing E‐cadherin promoter (Thiery, Acloque, Huang, & Nieto, [2009](#jcp29555-bib-0069){ref-type="ref"}). The mRNA, encoding transcription factor *Snai1*, was significantly upregulated in uPAR‐deficient clone \#6 (*p* \< .001; ANOVA), while in clone \#3 there was a tendency for an increase in Snai1 mRNA (*p* \> .05; ANOVA; Figure [5c](#jcp29555-fig-0005){ref-type="fig"}). The level of mRNA in clone \#30 was comparable to WT cells. Unexpectedly, the mRNA level of *Snai1* in uPAR‐overexpressing cells was increased compared to WT cells, suggesting potentially complicated transcription machinery involved as a response to uPAR overexpression. We also compared the mRNA expression levels of *Slug, Zeb1, Zeb2*, and *Twist2* in cells with different uPAR expression, but no comprehensive results could be obtained (data not shown). Thus, although the data above clearly demonstrate the phenotype change from epithelial to mesenchymal in Neuro2a cells upon uPAR suppression (Figures [2](#jcp29555-fig-0002){ref-type="fig"} and [4](#jcp29555-fig-0004){ref-type="fig"}), the lack of unequivocal data on the well‐known EMT‐transcription factor expression prompted us to search for other potential mechanisms involved in uPAR‐related phenotype changes.

3.9. uPAR suppression upregulates IL‐6 expression in Neuro2a cells {#jcp29555-sec-0270}
------------------------------------------------------------------

It is well‐known that the EMT in neuroblastoma, its invasiveness, and metastasis are orchestrated by several signaling pathways, including IL‐6 and tumor growth factor‐β/SMAD signaling (Ara et al., [2009](#jcp29555-bib-0003){ref-type="ref"}; Kumari, Dwarakanath, Das, & Bhatt, [2016](#jcp29555-bib-0033){ref-type="ref"}; Shao, Gao, Huang, & Lu, [2017](#jcp29555-bib-0061){ref-type="ref"}; Tawara, Oxford, & Jorcyk, [2011](#jcp29555-bib-0067){ref-type="ref"}). Western blot analysis substantiated the presence of IL‐6 in the lysates of all tested cell types. uPAR overexpression resulted in reduced expression of IL‐6 compared to WT cells (Figure [6a](#jcp29555-fig-0006){ref-type="fig"}). However, in uPAR‐deficient cells (clones \#3, \#6, and \#30) we detected a significant increase in IL‐6 content compared with WT and Neuro2a‐uPAR cells. Thus, uPAR downregulation leads to increased IL‐6 expression. Interestingly, we were not able to detect the activation of SMAD2 and SMAD3 by western blot analysis in Neuro2a cell lysates (p‐SMAD2 and p‐SMAD3 in Figure [6a](#jcp29555-fig-0006){ref-type="fig"}), suggesting the involvement of other signal transduction mechanisms.

![The effects of uPAR overexpression/suppression on IL‐6 production, nuclear translocation of activated p‐ERK1/2 and signal transducer and activator of transcription 1 (STAT1) in Neuro2a cells. (a) IL‐6, p‐SMAD2, and p‐SMAD3 content were analyzed by western blot analysis in total cell lysates from Neuro2a cells with different levels of uPAR expression. Vinculin was used as a protein loading control. (b) Western blot analysis of the accumulation of p‐ERK1/2 in the cytozolic and nuclear fractions from Neuro2a cells with different levels of uPAR expression. (c) Densitometry analysis of the cytozolic and nuclear p‐ERK1/2 content. (d) The content of STAT1 in the nuclear fraction of Neuro2a cells was determined by western blot analysis. (e) Densitometry analyses of the STAT1 content in the nuclear fraction. In (b) and (d) Histone H3A was used as a protein loading control. WT: control Neuro2a cells; Neuro2a‐uPAR: uPAR‐overexpressing Neuro2a cells; \#3, \#6, and \#30: uPAR‐deficient Neuro2a clones. Results are representative of three independent experiments. IL‐6, interleukin‐6; p‐ERK1/2, phospho‐extracellular signal‐regulated kinase 1/2; uPAR, urokinase‐type plasminogen activator receptor; WT, wild‐type](JCP-235-6268-g006){#jcp29555-fig-0006}

3.10. uPAR‐dependent nuclear translocation of p‐ERK1/2 and STAT in Neuro2a cells {#jcp29555-sec-0280}
--------------------------------------------------------------------------------

There is compelling evidence indicating the involvement of ERK1/2 in EMT in many cancers including neuroblastoma (Horn, Gaziel, Wreschner, Smorodinsky, & Ehrlich, [2009](#jcp29555-bib-0028){ref-type="ref"}; Lim, Chuong, & Roy‐Burman, [2011](#jcp29555-bib-0039){ref-type="ref"}; Ma & Wells, [2014](#jcp29555-bib-0041){ref-type="ref"}; Xie et al., [2004](#jcp29555-bib-0077){ref-type="ref"}). In neuroblastoma cells, the binding of IL‐6 to its receptor leads to the activation of signal transduction through Janus kinase (JAK), the STAT protein family, and ERK1/2 (Ara et al., [2009](#jcp29555-bib-0003){ref-type="ref"}; Guo, Xu, Lu, Duan, & Zhang, [2012](#jcp29555-bib-0026){ref-type="ref"}; Naveen, Gaikwad, & Agrawal‐Rajput, [2016](#jcp29555-bib-0048){ref-type="ref"}; Tawara et al., [2011](#jcp29555-bib-0067){ref-type="ref"}). Our results described above on the accumulation of IL‐6 upon uPAR suppression and the lack of SMAD activation prompted us to hypothesize the involvement of ERK1/2 and STAT in the observed EMT in uPAR‐deficient cells.

It is well‐known that activated ERK1/2 can exert signaling effects on mitogen‐activated protein kinase (MAPK) activity in the cytoplasm or can be directly translocated into the nucleus, where it regulates the activity of a number of transcription factors and genes responsible for EMT (Aguirre‐Ghiso, Estrada, Liu, & Ossowski, [2003](#jcp29555-bib-0002){ref-type="ref"}; Eden, Archinti, Furlan, Murphy, & Degryse, [2011](#jcp29555-bib-0020){ref-type="ref"}; Nguyen et al., [1998](#jcp29555-bib-0049){ref-type="ref"}).

To determine if uPAR can influence the activation state of ERK1/2, we analyzed the content of p‐ERK1/2 (T185 and T202) in total lysates of Neuro2a cells with different levels of uPAR expression. Moreover, we fractionated cell lysates into the cytosolic and nuclear fractions to evaluate activated p‐ERK1/2 in the subcellular compartments. As shown in Figure [6b,c](#jcp29555-fig-0006){ref-type="fig"}, uPAR overexpression led to ERK1/2 activation and complete translocation of p‐ERK1/2 into the nucleus, while in uPAR‐deficient clones there was an insignificant reduction in p‐ERK1/2 content detected in the cytosolic fraction compared to WT cells.

The consequences of STATs\' activation result in their phosphorylation and translocation into the nucleus (Clevenger, [2004](#jcp29555-bib-0015){ref-type="ref"}). To address the possible involvement of STAT in uPAR‐mediated effects on EMT, we assessed the content of activated STAT1 that had been translocated to the nucleus in Neuro2a cells. As expected, STAT1 was increased in the nuclear fraction of uPAR‐overexpressing cells, while in \#3 and \#6 clones the content was significantly diminished compared to WT cells; the reduction of STAT1 in clone \#30 was quite moderate possible due to incomplete knockout of uPAR in this clone (Figure [6d,e](#jcp29555-fig-0006){ref-type="fig"}). The obtained results suggest that uPAR expression can have a serious impact on signal transduction and regulation of gene expression with the possible involvement of p‐ERK1/2 and STAT1.

3.11. uPAR‐dependent nuclear accumulation of uPA and translocation of NF‐κB into the nucleus of Neuro2a cells {#jcp29555-sec-0290}
-------------------------------------------------------------------------------------------------------------

Another well‐known transcription regulator that promotes EMT and cancer is NF‐κB (Chan et al., [2004](#jcp29555-bib-0010){ref-type="ref"}; Kim et al., [2018](#jcp29555-bib-0032){ref-type="ref"}; Park & Hong, [2016](#jcp29555-bib-0053){ref-type="ref"}; Xia, Shen, & Verma, [2014](#jcp29555-bib-0076){ref-type="ref"}). When NF‐κB is activated, it is translocated from the cytoplasm into the nucleus where it regulates gene expression responsible for cell transformation, proliferation, apoptosis, invasion, and metastasis (Shishodia & Aggarwal, [2004](#jcp29555-bib-0062){ref-type="ref"}). NF‐κB can modulate IL‐6/STAT signaling (Xia et al., [2014](#jcp29555-bib-0076){ref-type="ref"}). Therefore, we aimed to determine whether NF‐κB becomes activated and translocated to the nucleus in Neuro2a cells upon uPAR overexpression/suppression using WT, uPAR‐overexpressing cells and uPA‐deficient clones \#3, \#6, and \#30. In addition, we enrolled Neuro2a clones \#3, \#6, and \#30 which have been subjected to uPAR re‐expression using cDNA transient plasmid transfection. The relative uPAR mRNA expression was assessed using RT‐PCR (Figure [7b](#jcp29555-fig-0007){ref-type="fig"}). As shown in Figure [7c](#jcp29555-fig-0007){ref-type="fig"}, NF‐κB content in the nuclear fraction of uPAR‐overexpressing cells was diminished compared with WT, while in all uPAR‐deficient cells (clones \#3, \#6, and \#30) NF‐κB was significantly upregulated compared with WT. Moreover, uPAR re‐expression in uPAR‐deficient clones decreased NF‐κB content in the nuclear fraction (Re\#3, Re\#6, and Re\#30 clones) compared to the original clones. These data confirm the reliability of the obtained results on uPAR involvement in NF‐κB activation and translocation to the nucleus as well as point to the possible involvement of uPAR in signal transduction and transcription regulation via NF‐κB.

![Downregulation of uPAR in Neuro2a leads to uPA and NF‐κB translocation into the nucleus. (a) RT‐PCR analysis of *uPA* expression level. The mRNA level of uPA was normalized to β‐actin expression as a housekeeping gene; the normalization was done assuming the mean level of transcript in WT cells to be 1. The bar graph represents the mean relative expression level of at least three biological repeats ± *SEM*. \**p* \< .05, \*\**p* \< .01, \*\*\**p* \< .001 compared with WT cells (unequal variances, Welch\'s ANOVA, Tamhane\'s T2 post hoc tests). (b) RT‐PCR analysis was carried out to evaluate the expression of uPAR in control Neuro2a cells (WT) and clones after re‐expression of uPAR (Re\#3, Re\#6, and Re\#30). Data were normalized to β‐actin expression as a housekeeping gene. Results are representative of three independent experiments. (c) Accumulation of uPA and NF‐κB in the nuclear fractions of Neuro2a cells with different levels of uPAR expression using western blot analysis assay. Results are representative of three independent experiments. (d) Double immunofluorescent staining of Neuro2a cells with antibodies against uPA (red fluorescence) and LAMP1‐lysosomal marker (green fluorescence). Nuclei were counterstained with DAPI (blue fluorescence). The results of at least three independent experiments are presented. The distribution of pixel intensity along the red arrow passing through the region of the nucleus is shown on the left side of each image. (e) Graph representing the results of the fluorescence intensity analysis of uPA content in the nuclei of Neuro2a cells. Results are representative of three independent experiments. (f) Confocal microscopy of Neuro2a cells 30 min and 6 hr after administration of FITC‐conjugated uPA (green fluorescence) to the cell culture medium. Immunofluorescent staining using antibodies against LAMP1 (red fluorescence) was carried out under permeabilizing conditions, nuclei were counterstained with DAPI (blue fluorescence). The results of at least three independent experiments are presented. (g) The same experiment as in (f) after 24 hr incubation with uPA‐FITC; channels are presented separately or merged (DAPI blue fluorescence, uPA‐FITC green fluorescence, LAMP1 red fluorescence). The results of at least three independent experiments are presented. ANOVA, analysis of variance; DAPI, 4′,6‐diamidino‐2‐phenylindole; FITC, fluorescein isothiocyanate; LAMP1, lysosomal‐associated membrane protein; NF‐κB, nuclear factor κB; mRNA, messenger RNA; RT‐PCR, real‐time polymerase chain reaction; *SEM*, standard error of mean; uPA, urokinase‐type plasminogen activator; uPAR, urokinase‐type plasminogen activator receptor; WT, wild‐type](JCP-235-6268-g007){#jcp29555-fig-0007}

One of NF‐κB downstream target genes is uPA (Chan et al., [2004](#jcp29555-bib-0010){ref-type="ref"}). Recent studies suggest that uPA can exert pleiotropic effects on proliferation and migration in a uPAR‐dependent manner (Blasi, [1999](#jcp29555-bib-0006){ref-type="ref"}) or in a uPAR‐independent manner via nucleolin‐mediated translocation of uPA into the nucleus with the possible uPA‐chromatin association that modulates transcriptional activity (Stepanova et al., [2008](#jcp29555-bib-0065){ref-type="ref"}).

We first evaluated the uPA mRNA in Neuro2a cells with different uPAR expression. We observed a dramatic increase in uPA expression in Neuro2a‐uPAR cells (*p* \< .05; Welch\'s ANOVA) and a moderate increase in clone \#30 (*p* \< .01; Welch\'s ANOVA), while in clones \#3 and \#6 uPA expression was diminished compared to WT cells (*p* \< .001, Welch\'s ANOVA; Figure [7a](#jcp29555-fig-0007){ref-type="fig"}). We further tested the hypothesis that uPAR can affect uPA localization and function. Specifically, uPA in the absence of uPAR can be translocated to the nucleus and participate in the regulation of gene expression and EMT.

Western blot analysis demonstrated that uPA was present in the nuclear fraction of WT cells; uPAR overexpression (Neuro2a‐uPAR) had no effect on the uPA level (Figure [7c](#jcp29555-fig-0007){ref-type="fig"}). However, uPA content in the nuclear fraction in all Neuro2a‐deficient clones (\#3, \#6, and \#30) was significantly increased compared with WT. Moreover, after uPAR re‐expression (clones Re\#3, Re\#6, and Re\#30), uPA content was noticeably decreased to the level even lower than that of the original Neuro2a‐ΔuPAR clones and was almost undetectable.

To confirm our western blot analysis results, we used confocal microscopy as described in Section [2](#jcp29555-sec-0020){ref-type="sec"}. Double immunofluorescent staining using antibodies against uPA and LAMP1‐lysosomal marker was carried out under permeabilizing conditions (Figure [7d](#jcp29555-fig-0007){ref-type="fig"}). Nuclei were counterstained with DAPI. Figure [7d,e](#jcp29555-fig-0007){ref-type="fig"}, show the subcellular distribution and immunofluorescence intensities. On the optical section passing through the region of the nucleus for each tested cell, a red arrow tool was used to denote the profile, quantified using the Histo function of ZEN 2010 software. For blue (DAPI), green (lysosome marker), and red (uPA) channels, we obtained the distribution of pixel intensities along the arrow. The presence of blue pixels further confirmed that the optical section was passing through the nucleus. The intensity of red fluorescence was correlated to the content of urokinase in the nucleus. The threshold was set using the intensity level in the green channel, since LAMP1 staining in the nucleus was considered to be nonspecific. Nuclear uPA‐positive staining was evaluated in WT, Neuro2a‐uPAR, and Neuro2a‐ΔuPAR cells using equal imaging settings (Figure [7d](#jcp29555-fig-0007){ref-type="fig"}). Surprisingly, uPAR expression affected the presence of uPA in the nucleus (Figure [7d,e](#jcp29555-fig-0007){ref-type="fig"}). The intensity of uPA staining in control cells was 0.33 units, while uPAR overexpression resulted in the decrease in the intensity up to 0.12 units. On the contrary, in uPAR‐deficient cells, the intensity of uPA staining significantly increased: For clone \#3 up to 0.54, for clone \#6 up to 0.44 and for clone \#30 up to 0.40 units. In Neuro2a‐uPAR cells, uPA co‐localization with LAMP1 was markedly increased compared with WT cells, while in uPAR‐deficient clones the co‐localization signal was reduced (data not shown).

To address the question of the source of nuclear uPA, FITC‐conjugated uPA was added to the wells with Neuro2a cells (Figure [7f](#jcp29555-fig-0007){ref-type="fig"}). Immunofluorescent staining using antibodies against LAMP1 was carried out under permeabilizing conditions to visualize the proteins located in the cytoplasm using LAMP1 as a marker of lysosomes (Cheng et al., [2018](#jcp29555-bib-0013){ref-type="ref"}). We used confocal microscopy to determine uPA‐FITC localization after 30 min, 6 hr, and 24 hr of incubation. Thirty minutes after, exogenously administrated FITC‐conjugated uPA was detected in the cytoplasm of uPAR‐deficient clones \#3 and \#6 and colocalized with LAMP1 (yellow staining in Figure [7f](#jcp29555-fig-0007){ref-type="fig"}). Six hours later (Figure [7f](#jcp29555-fig-0007){ref-type="fig"}) and more strongly after 24 hr (Figure [7g](#jcp29555-fig-0007){ref-type="fig"}), uPA‐FITC fluorescence was mainly detected inside the nucleus in uPAR‐deficient clones \#3 and \#6. In uPAR‐expressing cells (Neuro2a‐uPAR and WT) uPA‐FITC was predominantly observed in the cytoplasm. Therefore, we infer that in the absence of uPAR on the cell surface extracellular uPA is rapidly transported into the nucleus.

Thus, our western blot analysis and confocal microscopy data suggest that uPAR functions as a uPA "trap" that forwards uPA for degradation in lysosomes, while in the absence of uPAR, extracellular uPA is translocated into the nucleus and is potentially involved in the regulation of gene expression.

4. DISCUSSION {#jcp29555-sec-0300}
=============

It is common knowledge that uPA and uPAR are present at the leading edge of migrating cells in vitro (Estreicher, Mühlhauser, Carpentier, Orci, & Vassalli, [1990](#jcp29555-bib-0022){ref-type="ref"}; Jaiswal et al., [2018](#jcp29555-bib-0029){ref-type="ref"}) and that the expression of uPA, PAI‐1, and uPAR is increased during the migration of a number of different cells (Jaiswal et al., [2018](#jcp29555-bib-0029){ref-type="ref"}). However, besides the enzymatic activity of uPA that facilitates cell migration via degradation of extracellular matrix (Blasi, [1999](#jcp29555-bib-0006){ref-type="ref"}), uPA initiates downstream JAK/STAT, MAPK/ERK, and SMAD signaling cascades via uPA/uPAR interaction with integrins, vitronectin, and several transmembrane receptors (Eden et al., [2011](#jcp29555-bib-0020){ref-type="ref"}; Nguyen et al., [1998](#jcp29555-bib-0049){ref-type="ref"}). Interestingly, in some cell systems, the induction of intracellular signaling via uPAR is independent of uPA catalytic activity, as signaling can be induced by proteolytically inactive ATF (amino‐terminal fragment of uPA) (Mekkawy et al., [2014](#jcp29555-bib-0045){ref-type="ref"}). In our experimental settings, administration of an active recombinant uPA (ab92641; Abcam) or its specific inhibitor BC11 to the culture media exerted no effect on migration of Neuro2a cells with different levels of uPAR expression (Figure [4c,d](#jcp29555-fig-0004){ref-type="fig"}), implicating that proteolytic activity is not important for cell migration and suggesting that transduction of migratory signals is rather involved.

uPAR was proved to interact with integrins directly and to regulate their conformation and function, cell adhesion, and migration (Mahmood, Mihalcioiu, & Rabbani, [2018](#jcp29555-bib-0042){ref-type="ref"}). High level of uPAR expression and its interaction with integrins enhances the basal level of activated ERK and PI3K in different cancer cells and favors tumor growth in vitro and in vivo (Aguirre‐Ghiso et al., [2003](#jcp29555-bib-0002){ref-type="ref"}; Chandrasekar et al., [2003](#jcp29555-bib-0011){ref-type="ref"}; Nguyen et al., [1998](#jcp29555-bib-0049){ref-type="ref"}; Wei et al., [2007](#jcp29555-bib-0073){ref-type="ref"}). Our observations recapitulate the results of the previous studies and demonstrate that uPAR overexpression results in STAT1 and ERK1/2 activation and their translocation into the nucleus in Neuro2a cells (Figure [6](#jcp29555-fig-0006){ref-type="fig"}), where they presumably participate in the regulation of gene expression responsible for cell proliferation and/or EMT. We also show that uPAR expression is important for supporting the colony‐forming potential of Neuro2a cells, since uPAR deficiency results in the diminished CFU reflecting either reduced proliferation or enhanced migration or both (Figures [2e,f](#jcp29555-fig-0002){ref-type="fig"} and [4c,d](#jcp29555-fig-0004){ref-type="fig"}).

Numerous data support the idea that EMT plays a central role in tumor growth and metastasis (Mekkawy et al., [2014](#jcp29555-bib-0045){ref-type="ref"}; Thiery et al., [2009](#jcp29555-bib-0069){ref-type="ref"}). EMT is a conserved cellular program that results in a change of cell shape, including the loss of cell‐cell adhesion and cell polarity, and the acquisition of migratory and invasive properties (Thiery et al., [2009](#jcp29555-bib-0069){ref-type="ref"}; Ye & Weinberg, [2015](#jcp29555-bib-0078){ref-type="ref"}). The role of the uPA system in EMT in several cancers has been addressed before (Laurenzana et al., [2015](#jcp29555-bib-0035){ref-type="ref"}; Lester, Jo, Montel, Takimoto, & Gonias, [2007](#jcp29555-bib-0036){ref-type="ref"}; Randle, Clarke, Henderson, & Odero‐Marah, [2013](#jcp29555-bib-0056){ref-type="ref"}; Wang, Ma, & Zhang, [2017](#jcp29555-bib-0072){ref-type="ref"}). Hypoxia‐induced EMT in breast cancer MDA‐MB‐468 cells was accompanied by increased expression of uPAR and was blocked by uPAR gene‐silencing in vitro (Lester et al., [2007](#jcp29555-bib-0036){ref-type="ref"}). Silencing of endogenous uPA or inhibition of uPAR‐activated cell signaling, involving Src, PI3K, or ERKs, resulted in the reversal of EMT in uPAR‐overexpressing breast cancer MDA‐MB‐468 cells (Jo et al., [2009](#jcp29555-bib-0030){ref-type="ref"}). The EMT profile of melanoma cells, characterized by enhanced invasiveness and increased uPAR expression in vitro and in vivo, was abrogated by application of uPAR antisense oligonucleotide (Laurenzana et al., [2015](#jcp29555-bib-0035){ref-type="ref"}). It was shown that cancer cells undergoing EMT can acquire stem cell‐like properties further promoting tumor growth and spreading (Jo et al., [2010](#jcp29555-bib-0030){ref-type="ref"}; Mani et al., [2008](#jcp29555-bib-0044){ref-type="ref"}; Thiery et al., [2009](#jcp29555-bib-0069){ref-type="ref"}). Though in MCF‐7 breast cancer cells uPAR overexpression failed to induce EMT, nevertheless, it still induced cancer stem cell‐like properties along with an increase in tumor growth in SCID mice. Interestingly, in MCF‐7 mammospheres, which display a well‐defined epithelial acinus‐like structure and E‐cadherin expression on the plasma membrane, cell collapse into the central cavity was prevented by uPAR overexpression. The authors inferred that uPAR signaling may stabilize epithelial morphology (Acton, [2012](#jcp29555-bib-0001){ref-type="ref"}, p. 1853). The discrepancy in these results could reflect the complexity of molecular mechanisms and signaling cross‐talk activated by uPAR in different cellular systems. Data obtained in the present study indicate for the first time that uPAR is an important regulator of epithelial phenotype in neuroblastoma Neuro2a cells: uPAR suppression results in cell size enlargement and EMT, and is accompanied by decreased cell adhesion and increased migration (Figures [2](#jcp29555-fig-0002){ref-type="fig"} and [4a,b](#jcp29555-fig-0004){ref-type="fig"}). Epithelial markers occludin, claudin‐5, and E‐cadherin are substantially expressed in control and uPAR‐overexpressing cells, while uPAR suppression leads to a dramatic morphological change and an increase in the expression of mesenchymal markers (N‐cadherin and α‐SMA; Figure [5](#jcp29555-fig-0005){ref-type="fig"}).

Several developmental transcription factors such as *Snai1, Twist, Slug*, and *Zeb* are known to regulate the EMT, inducing expression of mesenchymal markers (vimentin, α‐SMA, N‐cadherin) and repressing epithelial markers (E‐cadherin, epithelial cytokeratins, claudin, and occludin; Jaiswal et al., [2018](#jcp29555-bib-0029){ref-type="ref"}; Mani et al., [2008](#jcp29555-bib-0044){ref-type="ref"}; Ye & Weinberg, [2015](#jcp29555-bib-0078){ref-type="ref"}). These transcription factors can be expressed in different combinations and can be upregulated in various types of malignancies (Hanahan & Weinberg, [2011](#jcp29555-bib-0027){ref-type="ref"}). Here we have demonstrated that in uPAR‐overexpressing Neuro2a cells mRNA level of *Snai1* (an important regulator of E‐cadherin expression; Nieto, [2002](#jcp29555-bib-0050){ref-type="ref"}) was substantially increased (Figure [5c](#jcp29555-fig-0005){ref-type="fig"}). However, the results on *Slug*, *Zeb1*, *Zeb2*, and *Twist2* expression were ambiguous, underscoring the complexity of molecular interactions and suggesting the existence of other regulatory networks involving uPAR.

Another important regulator of EMT is NF‐κB (Jaiswal et al., [2018](#jcp29555-bib-0029){ref-type="ref"}; Thiery et al., [2009](#jcp29555-bib-0069){ref-type="ref"}). NF‐κB activity promotes tumor growth, suppresses apoptosis, and facilitates distant metastasis (Xia et al., [2014](#jcp29555-bib-0076){ref-type="ref"}). NF‐κB was shown to control uPA system expression by binding to cognate sequence elements of uPA promoter in different cancer cells (Baek et al., [2008](#jcp29555-bib-0004){ref-type="ref"}; Chan et al., [2004](#jcp29555-bib-0010){ref-type="ref"}; Sliva, [2004](#jcp29555-bib-0063){ref-type="ref"}). We evaluated NF‐κB expression and demonstrated that NF‐κB content in the nuclear fraction was significantly increased in uPAR‐deficient cells compared with the control, while in uPAR‐overexpressing cells we found the opposite effect (Figure [7b](#jcp29555-fig-0007){ref-type="fig"}). These results were further ratified by experiments on uPAR re‐expression in uPAR‐deficient clones, where NF‐κB content was decreased compared to the original clones (Figure [7b](#jcp29555-fig-0007){ref-type="fig"}), suggesting the existence of a regulatory loop between uPAR and NF‐κB expression.

NF‐κB activation also stimulates IL‐6 production (Tawara et al., [2011](#jcp29555-bib-0067){ref-type="ref"}). On the one hand, gp130 is a component of the IL‐6 receptor complex, which is involved in regulation of cell proliferation, differentiation and migration (Guo et al., [2012](#jcp29555-bib-0026){ref-type="ref"}; Scheller, Chalaris, Schmidt‐Arras, & Rose‐John, [2011](#jcp29555-bib-0059){ref-type="ref"}; Weissenbach et al., [2004](#jcp29555-bib-0074){ref-type="ref"}). On the other hand, gp130 is activated upon uPAR clustering and may serve as a transmembrane adapter activating JAK‐STAT and ERK1/2 signaling pathways downstream of uPAR (Ara et al., [2009](#jcp29555-bib-0003){ref-type="ref"}; Blasi & Carmeliet, [2002](#jcp29555-bib-0007){ref-type="ref"}; Mahmood et al., [2018](#jcp29555-bib-0042){ref-type="ref"}). Derangements in IL‐6 signaling have been implicated in a large variety of cancers and metastasis (e.g., multiple myeloma, non‐small cell lung carcinoma, colorectal cancer, renal cell carcinoma, prostate cancer, breast and ovarian cancers, neuroblastoma, etc; Guo et al., [2012](#jcp29555-bib-0026){ref-type="ref"}; Tawara et al., [2011](#jcp29555-bib-0067){ref-type="ref"}). Moreover, increased IL‐6 production has been associated with neuroblastoma bone metastasis and poor prognosis (Tawara et al., [2011](#jcp29555-bib-0067){ref-type="ref"}). IL‐6/IL‐6R/Stat3 signaling axis in breast cancer was shown to promote EMT, stemness, and cancer progression (Weng et al., [2019](#jcp29555-bib-0075){ref-type="ref"}). Our data provide strong evidence that uPAR suppression results in the accumulation of IL‐6 in Neuro2a cells, while uPAR overexpression exerts the opposite effect (Figure [6a](#jcp29555-fig-0006){ref-type="fig"}). The exact mechanism is not clear and needs further clarification. However, the accumulation of IL‐6 in uPAR‐deficient clones correlates with EMT and enhanced cell migration, raising the possibility that an extensive cross‐talk may occur linking uPAR‐dependent and IL‐6‐activated signaling pathways in cancer.

Our recent data indicate that single‐chain uPA upon binding to the cell surface and internalization can be rapidly translocated into the nucleus resulting in the direct interaction of uPA with nuclear transcription factors and gene expression regulation (Stepanova et al., [2008](#jcp29555-bib-0065){ref-type="ref"}). We have demonstrated that for nuclear translocation uPA utilizes nucleolin, a nucleocytoplasmic shuttle (Stepanova et al., [2008](#jcp29555-bib-0065){ref-type="ref"}). In human fibroblasts uPA nuclear translocation promotes upregulation of α‐SMA expression in vitro (Stepanova et al., [2008](#jcp29555-bib-0065){ref-type="ref"}) and in vivo uPA administration results in the transformation of vascular adventitial fibroblasts into myofibroblasts expressing α‐SMA (Plekhanova et al., [2006](#jcp29555-bib-0054){ref-type="ref"}). The results obtained in the present study favor a novel model: In the absence of uPAR in Neuro2a cells, extracellular uPA added to the conditioned media is translocated into the nucleus where it is involved in regulation of gene expression, EMT and the full spectrum of cellular changes (Figure [8](#jcp29555-fig-0008){ref-type="fig"}), while in uPAR‐expressing cells uPA activity and uPA/uPAR‐mediated signaling is tightly regulated by the lifespan of uPA/uPAR complex on the plasma membrane. Specifically, PAI‐1 binds uPA/uPAR on the plasma membrane and the ternary uPAR/uPA/PAI‐1 complex rapidly associates with LRP‐1, resulting in its internalization and consequent uPA/PAI‐1 degradation in the lysosomes, while uPAR and LRP‐1 receptors recycle back to the cell surface (Conese et al., [1995](#jcp29555-bib-0016){ref-type="ref"}; Czekay et al., [2001](#jcp29555-bib-0018){ref-type="ref"}; Nykjaer et al., [1992](#jcp29555-bib-0051){ref-type="ref"}).

![Final scheme of potential EMT regulation by uPA/uPAR cooperation in Neuro2a cells. (a) uPAR functions as a uPA "trap." When uPAR is expressed on the cell surface, binding of uPA to uPAR leads to rapid internalization of the ternary uPA/uPAR/PAI‐1 complex via the LRP‐1 receptor with subsequent lysosomal degradation of uPA and PAI‐1; uPAR and LRP‐1 recycle to the plasma membrane. (b) In the absence of uPAR, uPA is translocated to the nucleus, where it may be involved in the regulation of the activity of transcription factors Snai1 and NF‐κB leading to increased expression of IL‐6, N‐cadherin, and α‐SMA and resulting in epithelial to mesenchymal transition in Neuro2a cells. α‐SMA, α‐smooth muscle actin; EMT, epithelial--mesenchymal transition; IL‐6, interleukin‐6; LRP‐1, LDL receptor‐related protein 1; NF‐κB, nuclear factor κB; uPA, urokinase‐type plasminogen activator; uPAR, urokinase‐type plasminogen activator receptor](JCP-235-6268-g008){#jcp29555-fig-0008}

The present study has certain limitations, since we used only one neuroblastoma cell line (Neuro2a). Therefore, the same mechanisms of uPAR functioning in other cancer cells need further investigation. The hypothesis on uPAR functioning as a uPA "trap," which takes into consideration the complexity of the molecular cascades and of the versatile signaling cross‐talks activated by uPA system, provides a potential explanation for the delayed progress on targeting uPA and uPAR in clinics (see Video).
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